Introduction
============

Uveal melanoma (UM), the most common intraocular malignant tumor in adults, accounts for \~3% of all melanomas [@B1]. Enucleation of the affected eye is a conventional approach for the treatment of primary lesions. More conservative treatment options (e.g. proton-beam radiotherapy, plaque radiotherapy, transpupillary thermotherapy, and systemic chemotherapy) to desire vision preservation are becoming a tendency. Despite these multimodal approaches, the event-free survival of patients with UM has not been improved in the past decades [@B2], [@B3]. In particular, \~50% patients with UM develop metastasis, predominantly hepatic metastasis [@B1], [@B2], which accounts for significant death in UM patients. Patients with metastatic UM display poor prognosis with an average survival of 2 to 8 months [@B4], [@B5].

Continuous efforts were made to develop medicines for the treatment of metastatic UM. Although mutations in GNAQ and GNA11 were observed in \~80% of patients with UM, which may drive the growth of the primary lesion, little is known about drivers of UM metastasis [@B6]. Furthermore, directly targeting mutant GNAQ and GNA11 has been demonstrated to be structurally challenging [@B7]. Targeting protein kinase C (PKC) and mitogen-activated protein kinase (MAPK), the downstream components of GNAQ and GNA11, are being evaluated in clinical trial and the curative options on metastatic UM need a further investigation [@B8]. Given the predominant hepatic metastasis of UM cells, disruption of the interaction between UM cells and liver microenvironment was examined [@B3]. For instance, based on the rationale of binding membrane receptor tyrosine kinase c-Met on UM cells by the secreted hepatocyte growth factor (HGF) from hepatocytes, a clinical trial of targeting c-Met is undergoing [@B9].

More recently, treatment of patients with advanced, unresectable cutaneous melanoma by immunotherapy including ipilimumab \[a human monoclonal antibody that blocks the cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)\] and pembrolizumab \[fully human monoclonal antibodies targeting the programmed cell death 1 (PD-1) receptor\] has been obtained inspiring clinical treatment efficacy [@B8], [@B10]. However, probably due to vitally distinct molecular genetics of UM from that of cutaneous melanoma [@B5], the clinical activity of ipilimumab in patients with metastatic UM is limited and the clinical efficacy of pembrolizumab remains to be evaluated [@B8]. Therefore, novel therapeutic drugs for effective treatment of patients with UM, especially for the patients with metastatic UM, are urgently needed.

Niclosamide is a cell-permeable salicylanilide well known for its antihelmintic efficacy, and has been approved by FDA for application in humans for approximately 50 years [@B11]. Recent studies from us and others have demonstrated that niclosamide has antitumor activity in multiple types of cancers (e.g., leukemia, colorectal and prostate cancer) [@B12]-[@B17], and that the underlying mechanisms involve the inhibition of NF-κB pathway, the increase in reactive oxygen species (ROS) and the blockage of Wnt/β-catenin pathway.

In this study, our purpose was to determine whether niclosamide was active against UM. Our results showed that niclosamide potently inhibited cell proliferation, induced apoptosis in UM cells, reduced migration and invasion, and eradicated CSCs of UM. These effects of niclosamide on UM involved the inhibition of the NF-κB pathway, MMP-9 and Wnt/β-catenin pathways, and the elevation of ROS. Our study may provide the first pre-clinical evidence for further testing of niclosamide for its efficacy in patients with this ocular disease.

Materials and Methods
=====================

Chemicals
---------

Niclosamide (2′, 5-dichloro-4′-nitrosalicylanilide, purity \> 95%, HPLC), Annexin V-FITC, propidium iodide (PI), and N-acetylcysteine (NAC) were purchased from Sigma-Aldrich (Shanghai, China). p-Niclosamide was synthesized in our lab, as described previously [@B12]. Niclosamide was dissolved in DMSO at 10 mmol/L and stored at -20 °C. 4′, 6-diamidino-2-phenylindole (DAPI) and CM-H2DCF-DA were purchased from Invitrogen (Shanghai, China). Dibutyryl-cAMP sodium salt (dbcAMP) was from Selleck (Shanghai, China).

Cell lines and culture
----------------------

The UM cells 92.1, Mel270, Omm1, and Omm2.3 were grown in RPMI1640 medium (Invitrogen, Shanghai, China) with 10% fetal bovine serum (Biological Industries, Kibbutz Beit Haemek, Israel) and 2 mmol/L glutamine and incubated at 37 °C humidified incubator containing 5% CO~2~as described previously [@B18]. The cells were routinely confirmed to be mycoplasma-free.

Cell viability assay and protein biomass assay
----------------------------------------------

Cell viability was determined using MTS assay (CellTiter 96 Aqueous One Solution reagent, Promega), while the protein biomass of UM cells was examined by sulforhodamine B (Sigma-Aldrich, Shanghai, China) assay as described previously [@B18], [@B19]. Briefly, the UM cells seeded overnight in 96-well plates (5,000 cells/well) were exposed to varying concentrations of niclosamide for 72 h. For the MTS assay, MTS (20 μL/well) was added to the culture at the end of treatment, and optical density was read with a wave length of 490 nm. IC~50~ value was determined by curve fitting of the sigmoidal dose-response curve. For the sulforhodamine B protein biomass assay, 50 μL of cold 30% trichloroacetic acid (Sigma-Aldrich, Shanghai, China) buffer per well were added to the medium and fixed at 4 °C for 1 h. After fixation, the supernatants were removed and washed 5 times with deionized water and dried at room temperature. Seventy microliter of 0.4% sulforhodamine B (*w/v*, in 1% acetic acid) per well was added and stained for 30 min at room temperature. Plates were then washed with 1% acetic acid and dried at room temperature. The bound sulforhodamine B in cells was dissolved in 200 μL of 10 mM Tris base (pH 10.5) per well and the plate was read at 560 nm.

pH stress experiments in uveal melanoma cell lines
--------------------------------------------------

The different pH level of the RPMI1640 medium was adjusted by ethanesulfonic acid (for acidic pH, pH=6.0, pH=6.5, pH=7.0), NaHCO~3~ (for physiologic pH, pH=7.4) or HEPES (for alkaline pH, pH=8.0, pH=8.5) [@B20].

Colony-formation assay
----------------------

The colony-forming capacity of UM cells was analyzed by use of agarose as described [@B21], [@B22]. Briefly, 400 μL of complete RPMI1640 medium containing 1% agarose (Invitrogen, Guangzhou, China) was added to each well of 24-well plates. The UM cells that were pretreated with niclosamide and resuspended in 400 μL complete RPMI1640 medium containing 0.5% agarose were plated over the layer of the agarose-containing medium. These plates were kept at 4 °C for 10 min to allow solidification, and then incubated at 37 °C in a humidified atmosphere containing 5% CO~2~ for 2 weeks. Colonies consisting of ≥ 50 cells were counted under an inverted phase-contrast microscope.

Western blot analysis
---------------------

Cell lysates were prepared using the radioimmunoprecipitation assay buffer (1 × PBS, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with freshly added 10 mmol/L β-glycerophosphate, 1 mmol/L sodium orthovanadate, 10 mmol/L NaF, 1 mmol/L phenylmethylsulfonyl fluoride, and 1 × Roche complete Mini protease inhibitor cocktail (Roche, Indianapolis, IN) [@B18]. Cytosolic fractionation for cytochrome c detection was prepared using the digitonin extraction buffer (10 mM PIPES, 0.015% digitonin, 300 mM sucrose, 100 mM NaCl, 3 mM MgCl~2~, 5 mM EDTA, and 1 mM phenylmethylsulfonyl fluroride) [@B18]. Cytoplasmic and nuclear fractionations for detection of subcellular distribution of NF-κB components were prepared using the methods previously described [@B12]. Antibodies against caspase-3, PARP (clone 4C10-5), XIAP, Bcl-2, cytochrome c (clone 6H2.B4) and phospho-GSK3β (Y216) were obtained from BD Biosciences (San Jose, CA). Antibodies against p65, IκBα, phospho-GSK3β (S9), DVL2, phospho-β-catenin (S552), phospho-β-catenin (S675), proliferating cell nuclear antigen (PCNA), Bcl-X~L~, phospho-IKKα (S180)/IKKβ (S181), phospho-IκBα (S32), and MMP-9 were purchased from Cell Signaling Technology (Beverly, MA). Antibodies against β-actin, Active caspase-3 and Flag were from Sigma-Aldrich (Shanghai, China). Anti-mouse and anti-rabbit immunoglobulin G fluorescent-conjugated secondary antibodies were from LI-COR Biotechnology (Nebraska, USA). The NC membranes were scanned using the Odyssey infrared imaging system (LI-COR).

Measurement of mitochondrial transmembrane potential
----------------------------------------------------

The UM cells were collected after incubation with niclosamide at the indicated times and stained with MitoTracker probes (CMXRos and MTGreen, Invitrogen, Shanghai, China) at 37 °C for 1 h. The cells were washed with PBS and resuspended in serum-free RPMI1640 medium, and the inner mitochondrial transmembrane potential (△Ψm) was measured by flow cytometry as described previously [@B18].

Immunofluorescence staining
---------------------------

Immunofluorescence staining was performed as previously described [@B12]. In brief, after the cells attached on the coverslips in the 6-well plates, the medium was replaced with the serum-free RPMI1640 medium in the presence or absence of niclosamide for 24 h, followed by addition of TNFα (20 ng/mL) for 15 min. After fixation with 3% paraformaldehyde for 20 min, the cells were permeabilized with 1% Triton X-100 and 0.5% NP-40 for 10 min and blocked with 5% bovine serum albumin (BSA) for 1 h at room temperature. They were then washed with 0.1% NP-40 and incubated with anti-p65 (1:100) overnight at 4 °C followed by the corresponding secondary antibody for 1 h at room temperature. DAPI was applied to stain nucleus, immunofluorescence analysis of p65 localization was performed by confocal microscope.

Luciferase assay
----------------

Cells (5×10^4^/well) were seeded in the 24-well plates, and then co-transfected with the promoter reporter constructs encoding *NF-κB-TATA-Luc* (0.5 μg/well) and *pEFRenilla-Luc*(10 ng/well) as previously described [@B12], [@B23]. Twenty-four hours after transfection, the cells were exposed to serum-free medium with or without niclosamide for 16 h, followed by treatment with TNFα (20 ng/mL) for 8 h. The cells were harvested for luciferase activity using the dual-luciferase assay kits [@B12].

Measurement of intracellular and mitochondria reactive oxygen species
---------------------------------------------------------------------

The intracellular and mitochondria specific ROS were determined using CM-H2DCF-DA and MitoSOX Red Reagent (Invitrogen, Shanghai, China), respectively [@B18], [@B24]. After cells were treated with niclosamide at the indicated times, CM-H2DCF-DA (3 μmol/L) or MitoSOX Red (5 μmol/L) was added to the culture 1 h prior to the termination of treatment. The cells were harvested and washed twice with PBS at room temperature, and were analyzed by flow cytometry.

Wound-healing scratch assay
---------------------------

UM cells were grown to confluence on 6-well plates, and then each plate was scratched using a 200 μL sterile micropipette tip. The cells were washed with PBS and replaced with fresh RPMI1640 containing 10% FBS, and incubated in the presence or absence of niclosamide (2 μmol/L) for the indicated times. The same wounded area of microscopic field was recorded using an inverted phase-contrast microscope [@B18].

In vitro migration and invasion assay
-------------------------------------

The *in vitro*migration and invasion assays were performed as previously described [@B25]. For the migration assay, 92.1 and Omm2.3 cells were pretreated with niclosamide for 48 h. After washing with PBS, 5,000 cells were resuspended in 200 μL serum-free RPMI1640 medium, and seeded in the upper chamber (inserts); for invasion assay, 4×10^4^ cells were placed in matrigel (Corning Incorporated) coated bottom chambers. RPMI1640 medium plus 10% FBS was added in the lower chamber as the chemo-attractant. Forty-eight hours later, the inserts were removed, and the cells on the surface of the bottom chambers were fixed with 3% paraformaldehyde, followed by staining with 0.5% violet. The cells in 3 random microscopic fields were counted and photographed using an inverted phase-contrast microscope.

DNA constructs and lentiviral transduction in uveal melanoma cells
------------------------------------------------------------------

Human matrix metalloproteinase 9 (MMP-9, NCBI Reference Sequence ID: NM_004994.2) were cloned into the pTSB-CMV-MCS-SBP-3Flag-GFP-F2A-PuroR (lentivirus) construct (Transheep, Shanghai, China) using ClonExpress MultiS One Step Cloning Kit (Vazyme, Nanjing, China). Scramble (pLKO.1-puro-Non-target shRNA) or human MMP-9 specific target shRNA (pLKO.1-puro-hMMP-9-target shRNA) were from Sigma-Aldrich (Shanghai, China) (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). Lentivirus supernatants were produced by 293T cells with pCMV-dR8.2 (the packing construct) and the pCMV-VSVG (envelope construct) lentivirus packing system as described previously [@B26]. Briefly, the control or target lentivirus plasmid together with pCMV-dR8.2 and pCMV-VSVG were transfected into 293T cells using polyethyleneimine (Polysciences, Inc., Warrington, PA). Forty-eight or 72 h after transfection, virus-containing supernatants were collected and purified with 0.45 μm filter. Two rounds of addition of lentivirus supernatants into the growing 92.1 cells were conducted; the transduced cells were then incubated with puromycin (1 μg/mL) for approximately 5 days to establish stable clones to overexpress or silence MMP-9.

Melanosphere culture
--------------------

UM cells treated with niclosamide (2 μmol/L) were washed with PBS, and then 5,000 cells were resuspended in DMEM/F-12 medium (HyClone, containing B27: 1 mL, bFGF: 10 ng/mL and EGF: 20 ng/mL) and plated into each well of 24-well Corning^TM^ Ultra-Low Attachment Plates (Thermo Fisher Scientific Inc, Waltham, MA) [@B18]. After 7-day incubation, melanospheres (cells ≥ 50) were counted. The cultures were then harvested, and re-plated (5,000 cells/well) for the secondary, tertiary and fourth rounds of culture, respectively. Melanospheres were counted on day 7 following each round of re-plating [@B18].

Aldehyde dehydrogenase assay
----------------------------

Aldehyde dehydrogenase (ALDH) was assayed using the ALDEFLUOR^TM^ kit (Stem Cell Technologies, Vancouver, BC, Canada). Briefly, the ALDEFLUOR^TM^reagent was added and mixed, followed by transferring 0.5 mL of the mixture aliquote to a fresh tube containing 5 μL of ALDEFLUOR^TM^ DEAB reagent. After incubation at 37 °C for 30 \~ 60 min, the samples were centrifuged and supernatant was discarded. Cell pellets were resuspended in 0.5 mL of ALDEFLUOR^TM^ assay buffer and then analyzed by FACS LSR Fortessa flow cytometer [@B18].

ATP content measurement
-----------------------

ATP levels in uveal melanoma cells were measured using a luciferase-based ATP measurement kit (ThermoFisher, Shanghai, China) [@B27]. Briefly, the UM cells seeded overnight in 6-well plates were exposed to varying concentrations of niclosamide for 3 h. After harvested and washed with cold PBS, the cells (2 ×10^5^) were resuspended in 100 μL ATP extaction buffer (100 mM Tris, 4 mM EDTA, pH 7.75) and then incubated in 100 °C water bath for 90 s. The samples were centrifuged at 10, 000 g for 30 s and supernatants were transferred to another fresh tube. Five microliter of supernatant was added into 95 μL fresh reaction buffer and the luciferase activity was measured by the Multiscan Spectrum (Bio-Tek, Winooski, VT).

cAMP measurement
----------------

Cytoplasmic cAMP levels in uveal melanoma cells were detected with the Cyclic AMP EIA kit (Cayman Chemical, Ann Arbor, MI) according to the manufacturer\'s instructions. In brief, Mel270 and Omm1 cells seeded overnight in 6-well plates were exposed to escalating concentrations of niclosamide or 10 μmol/L forskolin for 3 h. The culture medium was then aspirated and 1 mL of 0.1 M HCl was added and incubated at room temperature for another 20 min. The cells were scraped, homogenized by pipetting up and down and transferred to a fresh centrifuge tube. The samples were centrifuged at 1,000 g for 10 min and the supernatant was decanted into a clean test tube. Add 50 μL samples or cAMP ELISA standard to each 96 wells (mouse anti-Rabbit IgG coated plate, Cayman). Each plate was incubated for 18 h at 4 °C. The wells were rinsed 5 times with wash buffer. The Ellman\'s Reagent (200 μL per well) was added and the plates were incubated in dark for 90\~120 min, and then read at a wavelength of 412 nm. The concentrations of cAMP were calculated according to the cAMP standard curve.

Animal experiments
------------------

Omm1 cells (3 × 10^6^ cells in 200 μL PBS/mouse) were subcutaneously inoculated into the flanks of male (4 to 6-week-old) NOD/SCID mice (Vitalriver, Beijing, China). Tumor volumes were measured with calipers every other day, and calculated using the following formula: *a*^2^× *b* × 0.4, where *a* refers to the smallest diameter and *b* is the diameter perpendicular to *a*. When the tumors reached \~200 mm^3^, mice were randomly divided to control or experimental groups, and treated daily with intraperitoneal injection of either vehicle (PBS) or p-niclosamide (25 mg/kg) for 2 weeks. Animals were then euthanized and the xenografts were dissected and weighed. For immunohistochemistry staining of the xenografts, specimens were fixed, embedded, and sectioned (4 μm), and then immunostained using the MaxVision kit (Maixin Biol, Fuzhou, China) following the manufacturer\'s instructions [@B28]. The animal studies were approved by the Sun Yat-sen University Institutional Animal Care and Use Committee.

Statistical analysis
--------------------

All experiments were repeated three times, and data were expressed as mean ± standard deviation (SD). Comparisons between 2 groups were analyzed by 2-tailed Student\'s *t* test; differences among multiple groups were analyzed by one-way ANOVA with *post hoc* comparison by the Dunmett\'s test, unless otherwise stated. GraphPad Prism 6.02 software (GraphPad, San Diego, CA) was used for statistical analysis. *p* \< 0.05 was considered statistically significant.

Results
=======

Niclosamide counteracts proliferation of uveal melanoma cells
-------------------------------------------------------------

We first determined the effect of niclosamide on growth of UM cells. 92.1, Mel270, Omm1, and Omm2.3 cells were exposed to escalating concentrations of niclosamide for 72 h, and cell viability was determined by MTS assay. As shown in Figure [1](#F1){ref-type="fig"}A, niclosamide inhibited the cell viability in a dose-dependent manner, with IC~50~ values of 1.18 μmol/L, 1.35 μmol/L, 0.58 μmol/L, 1.0 μmol/L in 92.1, Mel270, Omm1, and Omm2.3 cells, respectively. The inhibitory effect of niclosamide was further cross-validated by sulforhodamine B protein biomass assay, with IC~50~ values of 1.29 μmol/L, 0.84 μmol/L, 0.62 μmol/L, 0.91 μmol/L in 92.1, Mel270, Omm1, and Omm2.3 cells, respectively (Figure [1](#F1){ref-type="fig"}B). In addition, similar inhibitory effect of niclosamide on the ability of UM cells to form colony in agarose was observed (Figure [1](#F1){ref-type="fig"}C).

Niclosamide inhibits the cell viability of uveal melanoma cells in a pH-dependent manner
----------------------------------------------------------------------------------------

Given that the acidification niche of tumor (pH 6.5-6.9) which usually derives from the Warburg effect and hypoxia may facilitate the malignant and aggressive phenotype of cancer [@B20], we next asked whether extracellular acidification would affect the toxicity of niclosamide on uveal melanoma cells. We exposed the UM cells to niclosamide dissolved in escalating pH levels of culture medium from 6.0 to 8.5 for 72 h. The results showed that niclosamide exerted its antitumor activity against all the tested 4 lines of UM cells in a pH-dependent manner (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}), which is consistent with previous reports [@B20].

Niclosamide suppresses growth of the human uveal melanoma xenografts in NOD/SCID mice
-------------------------------------------------------------------------------------

The *in vivo* antitumor activity of p-niclosamide [@B12], a water-soluble form of niclosamide, was examined in the NOD/SCID mice bearing Omm1 UM xenografts. As shown in Figure [1](#F1){ref-type="fig"}D, tumor-bearing mice treated with p-niclosamide (25 mg/kg/day,*i.p.*) for 14 days showed significantly smaller tumor volume, as compared with the corresponding vehicle-treated mice. There was a significant difference in the tumor weights between the p-niclosamide-treated and vehicle-treated groups (Figure [1](#F1){ref-type="fig"}E). The body weights of mice were stable, with no significant difference between the vehicle and treatment groups (data not shown). The immunohistochemistry staining for Ki67, a cell proliferation marker, was also decreased in the tumor xenografts of the p-niclosamide-treated mice (Figure [1](#F1){ref-type="fig"}F).

Niclosamide elicits apoptosis in uveal melanoma cells
-----------------------------------------------------

We next determined the effect of niclosamide on apoptosis in UM cells. We observed a dose- and time-dependent induction of apoptosis in the tumor cells treated with niclosamide, as determined by flow cytometric analysis of Annexin V-FITC/PI staining (Figure [2](#F2){ref-type="fig"}A). Occurrence of apoptosis in the niclosamide-treated UM cells was also evidenced by dose- and time-dependent increases of cleaved PARP and caspase-3 (Figure [2](#F2){ref-type="fig"}B), as well as a time-dependent release of cytochrome c into the cytosol (Figure [2](#F2){ref-type="fig"}C). The effect of niclosamide on mitochondria was further evidenced by significant elevations of the cell population with loss of mitochondrial trans-membrane potential (ΔΨm), as measured by flow cytometric analysis of CMXRos and MTGreen dual staining (Figure [2](#F2){ref-type="fig"}D). No apparent alteration of Bcl-2 family members (e.g., Bcl-2, Bcl-X~L~, Bax) and IAP (inhibitor apoptosis protein) family proteins (e.g., XIAP, Survivin) was observed in UM cells treated with niclosamide for 48 h (Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}).

Niclosamide inhibits TNFα-induced activation of the NF-κB pathway
-----------------------------------------------------------------

As constitutive activation of NF-κB is critical in primary and metastatic UM cells [@B29], we next determined the effect of niclosamide on the activity of NF-κB in the tumor cells. We first examined whether niclosamide modulated IκBα phosphorylation and p65 nucleus translocation. Mel270 or Omm1 cells were pretreated with vehicle or niclosamide for 24 h, and then incubated with TNFα for different periods. The results showed that the treatment with TNFα resulted in an increase in levels of phospho-IKKα/β and phospho-IκBα and a decrease in IκBα in the cytoplasmic extracts from control cells which were not observed in the cells pre-treated with niclosamide (Figure [3](#F3){ref-type="fig"}A). Similarly, the effect of TNFα-induced increase of p65 in the nuclear fraction was blocked by niclosamide (Figure [3](#F3){ref-type="fig"}A). The blockage of the TNFα-induced nuclear translocation of p65 by niclosamide was further verified by immunofluorescence microscopy examination (Figure [3](#F3){ref-type="fig"}B). In Mel270 cells transiently co-transfected with NF-κB-TATA-Luc and *Renilla*luciferase reporter constructs, we demonstrated that niclosamide treatment led to significant suppression of the TNFα-induced NF-κB reporter activity (Figure [3](#F3){ref-type="fig"}C), suggesting that this drug can inhibit TNFα-induced transcription of the NF-κB-dependent genes. Moreover, pre-treatment of UM cells with niclosamide abrogated the TNFα-induced expression of Bcl-2, Bcl-X~L~, c-Myc, Survivin and Cyclin D1 proteins involved in cell survival (Figure [3](#F3){ref-type="fig"}D). Additionally, the NF-κB-dependent proteins were dramatically decreased in the tumor xenografts of the p-niclosamide-treated mice (Figure [3](#F3){ref-type="fig"}E).

Niclosamide increases intracellular and mitochondrial reactive oxygen species in uveal melanoma cells
-----------------------------------------------------------------------------------------------------

We previously reported that niclosamide can increase the level of ROS in acute myeloid leukemia cells [@B12]. We therefore determined intracellular ROS in the niclosamide-treated UM cells. After Mel270 cells were exposed to 4 μmol/L niclosamide, the intracellular ROS level based on CM-H2DCF-DA started to rise at 2 h, and peaked at 16 h following treatment (Figure [4](#F4){ref-type="fig"}A, *top*). Given that mitochondria serve as the major intracellular source of ROS [@B30], we also detected the mitochondria-specific ROS by using MitoSOX Red probe. As anticipated, the mitochondrial ROS levels were elevated in the UM cells treated with niclosamide (Figure [4](#F4){ref-type="fig"}A, *bottom*). The increased production of ROS appeared to be, at least in part, responsible for induction of apoptosis, since pre-treatment of the UM cells with the ROS scavenger, N-acetylcysteine (NAC), weakened the effect of niclosamide-mediated apoptosis (Figure [4](#F4){ref-type="fig"}B).

As certain NF-κB-regulated genes play a role in regulating the amount of intracellular ROS, and ROS has either inhibitory or stimulatory roles in the NF-κB signaling pathway [@B12], we examined whether ROS affected the inactivation of NF-κB pathway in the niclosamide-treated UM cells. NAC did not attenuate the phosphorylation and degradation of IκBα and nuclear translocation of p65 (Figure [4](#F4){ref-type="fig"}C), and did not alter the transcription of TNFα-induced NF-κB-dependent genes (Figure [4](#F4){ref-type="fig"}D). On the other hand, the TNFα-induced NF-κB activation did not influence the niclosamide-induced ROS elevation (Figure [4](#F4){ref-type="fig"}E). These results imply that niclosamide-induced elevation of ROS and inhibition of the NF-κB pathway appears to be independent mechanisms in UM cells.

Niclosamide represses migration and invasion of uveal melanoma cells in vitro
-----------------------------------------------------------------------------

Dissemination of tumor cells is one of the malignant features of UM [@B5], [@B31]. We thus determined the effects of niclosamide on migration and invasion of UM cells. Wound healing experiment was used to evaluate the effect of niclosamide on migration of tumor cells. The results showed that the would-healing ability of 92.1 or Omm2.3 cells was dramatically inhibited by niclosamide treatment (Figure [5](#F5){ref-type="fig"}A). Similar results were obtained by quantitative measurement of migration ability using transwell assay (Figure [5](#F5){ref-type="fig"}B). Niclosamide treatment also significantly reduced the invasion capacity of UM cells (Figure [5](#F5){ref-type="fig"}B), as assessed by matrigel invasion assay. Consistently, the expression of MMP-9, an invasion-associated protein, was dramatically reduced in UM cells treated with niclosamide (Figure [5](#F5){ref-type="fig"}C). These results demonstrated that niclosamide had a striking inhibitory effect on migration and invasion in UM cells.

MMP-9 is pivotal for invasion blockage by niclosamide in uveal melanoma cells
-----------------------------------------------------------------------------

To investigate the role of MMP-9 in UM cells, 92.1 cells were transduced with lentivirus constructs encoding human MMP-9, and then incubated in presence or absence of niclosamide for 36 h. The data showed that ectopic overexpression of MMP-9 boosted the invasion capacity of UM cells compared with the cells transduced with the lentiviral empty vector. Conversely, knockdown of MMP-9 by lentiviral shRNA significantly weakened the invasion capacity of UM cells compared with the cells transfected with Control shRNA (Figure [5](#F5){ref-type="fig"}D). Furthermore, the abrogation of invasion mediated by niclosamide was reversed by ectopic overexpression of MMP-9, but enhanced by knockdown of MMP-9-shRNA (Figure [5](#F5){ref-type="fig"}D). Taken together, these data indicate the importance of MMP-9 in niclosamide-mediated inhibitory invasion.

Niclosamide eliminates cancer stem-like cells in uveal melanoma
---------------------------------------------------------------

Traits of CSCs such as self-renewal capacity are believed to confer tumor metastasis, drug resistance and cancer relapse [@B32], [@B33]. We tested the effect of niclosamide on self-renewal capacity of UM cells. UM cells were exposed to niclosamide (2 μmol/L) for 48 h, and then cultured for melanosphere in the drug-free DMEM/F-12 medium. As shown in Figure [6](#F6){ref-type="fig"}A, niclosamide dramatically reduced the size and number of melanospheres of UM cells. Four rounds of re-plating experiments showed that the serially re-plating capacity was also declined in the niclosamide-treated UM cells (Figure [6](#F6){ref-type="fig"}A).

ALDH has been widely used as a putative universal marker for CSCs in multiple types of cancer [@B34]-[@B36]. We thus evaluated the effect of niclosamide on Aldefluor^+^ cells using flow cytometry. The results showed that niclosamide significantly decreased the percentage of Aldefluor^+^ cells in Mel270 and Omm2.3 (Figure [6](#F6){ref-type="fig"}B). In support of the roles of niclosamide in eradicating CSCs, we demonstrated that this agent caused a dose- and time-dependent reduction of β-catenin in Mel270 and Omm1 cells (Figure [6](#F6){ref-type="fig"}C and Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). c-Myc and Cyclin D1, two important downstream proteins in the Wnt/β-catenin pathway, were also decreased in the niclosamide-treated UM cells (Figure [6](#F6){ref-type="fig"}C). Additionally, the protein levels of DVL2 and DVL3, the positive regulators of β-catenin, and phospho-GSK3β (S9) but not phospho-GSK3β (Y216), were decreased in UM cells treated with niclosamide (Figure [6](#F6){ref-type="fig"}C). The levels of the key components \[e.g. DVLs, phospho-GSK3β (S9), c-Myc and Cyclin D1\] in the canonical Wnt/β-catenin pathway were also found to be decreased in the tumor xenografts of the p-niclosamide-treated mice (Supplementary Figure [S4](#SM1){ref-type="supplementary-material"} and Figure [3](#F3){ref-type="fig"}E).

Since niclosamide has the capacity to uncouple mitochondria [@B37], [@B38], we measured intracellular ATP and cAMP content. As anticipated, the ATP and cAMP contents in UM cells were significantly decreased after the treatment with niclosamide (Figure [6](#F6){ref-type="fig"}D and Figure [6](#F6){ref-type="fig"}E). Consistently, the protein kinase A (PKA)-dependent phosphorylation of β-catenin at S552 and S675 which can facilitate stability of β-catenin protein [@B38], [@B39] were reduced in niclosamide-treated UM cells (Figure [6](#F6){ref-type="fig"}C). Likewise, addition of PKA activator dbcAMP into culture medium resulted in phosphorylation of β-catenin at S552 and S675 in UM cells (Figure [6](#F6){ref-type="fig"}F). The pre-treatment with dbcAMP abolished the effect of niclosamide-mediated down-regulation in phospho-β-catenin (S552 and S675) and total level of β-catenin (Figure [6](#F6){ref-type="fig"}F). These results suggested that niclosamide may work as a mitochondrial un-coupler thus reducing PKA-β-catenin signaling in UM cells [@B38].

Discussion
==========

In the present study, we demonstrate that the antihelminthic drug, niclosamide, is highly effective in suppressing the growth, migration and invasion, and in eradicating CSCs of UM. Importantly, p-niclosamide shows strong antitumor activity in a UM xenograft mice model. As niclosamide has been safely used in patients with infection of certain types of worm for decades, based on the results reported here, this drug may be further exploited as an antineoplastic therapy in UM.

Disclosing new indication and application of old drugs could be more economic and rapid than discovering new drugs from scratch [@B11]. Here, we found that niclosamide which has been approved by FDA and safely used in human for over 50 years, displayed potent antitumor activity in UM cells. Pharmacokinetics study showed that C~max~ (maximal plasma concentration), which reached 71.972 μmol/L after a single 25mg/kg oral administration of p-niclosamide in rats (data not shown), are much higher than those concentrations that reached its*in vitro* anti-tumor activity. In addition, niclosamide displayed minimal cytotoxicity in normal cells*in vitro*[@B12], [@B13] and *in vivo*(oral LD~50~ in rats, \>5, 000 mg/kg) [@B40].

Inflammation has been regarded as one of the most important hallmarks of cancer [@B41]. Although the eye is an immune privileged site, the inflammation environment can be established when ocular tumor occurs [@B42], [@B43]. Such aberrant ocular niches likely lead to deregulated secretion of cytokines [@B44], [@B45] and may lead to active NF-κB pathway [@B46]-[@B49]. Indeed, NF-κB is constitutively activated in primary and metastatic UM [@B29]. Studies have shown that the NF-κB pathway regulates expression of multiple genes that are associated with cell proliferation (e.g. Cyclin D1), anti-apoptosis (e.g. Bcl-2, Bcl-X~L~, Mcl-1 and Survivin), migration and invasion (e.g., MMP-9) [@B48], [@B50], [@B51]. Consistent with the reported studies [@B12], we found that niclosamide has an inhibitory effect on the NF-κB pathway.

It has been reported that excess amounts of ROS is toxic to cells [@B52]. Consistent with our previous observation in leukemia cells [@B12], here we showed that niclosamide increased ROS levels in UM cells, nevertheless, we noticed that increased ROS caused by niclosamide treatment only partially contributes to the onset of apoptosis in UM cells. Furthermore, our experiments showed quenching of ROS by NAC had no effect on the niclosamide-mediated inhibition of the NF-κB pathway, and*vice versa*, suggesting that the elevation of ROS and blocking of NF-κB in the UM cells are independent mechanisms of niclosamide.

MMP-9, an important member of matrix metalloproteinases, has the ability to degrade basement membranes in the extracellular matrix, boosting cellular invasion [@B53]. Accumulating evidence indicates that MMP-9 positively correlated with aggressiveness and metastasis in several types of cancer including breast cancer and glioblastoma [@B53], [@B54]. MMP-9 was reported to be predominantly expressed in epithelioid uveal melanomas (a more aggressive type) or epithelioid regions of mixed tumors, a negatively prognostic factor in UM patients [@B55], [@B56], the role of MMP-9 in the invasion of UM cells remains to largely unknown. To our knowledge, this is the first time to delineate the fuction of MMP-9 in UM cells invasion. Our data showed that MMP-9 promoted the invasion capacity of UM cells and played pivotal role in the blockage of invasion of UM cells mediated by niclosamide (Figure [5](#F5){ref-type="fig"}D).

CSCs are believed to contribute to tumor metastasis, drug resistance, and the disease relapse [@B32], [@B33]. Promotion of cancer metastasis by CSCs involves multiple mechanisms such as epithelial mesenchymal transition (EMT), angiogenesis and lymphangiogenesis [@B57]. Therefore, targeting CSCs may be an alternative strategy for the prevention and treatment of UM patients with metastasis. Since the biomarkers of UM CSCs remain elusive, ALDH activity and serial melanosphere formation assays were employed to evaluate the CSCs function. Our results demonstrated here that niclosamide remarkably decreased the percentage of Aldefluor^+^ cells and the serially re-plating ability of UM cells to form melanospheres, indicating that niclosamide is capable of eliminating CSCs and impairing their self-renewal trait in UM. Consistently, the effect of niclosamide on CSCs has been observed in other types of cancer such as leukemias and breast cancers [@B12], [@B17], [@B58]. More recently, it was reported that a niclosamide loaded rigid core mixed micelle could selectively reduce the CD44^+^ CSC population in cutaneous melanoma cells [@B59].

Wnt/β-catenin is one of the intrinsic regulators to control the destiny of CSCs [@B60], [@B61]. Our data revealed that niclosamide down-regulates the protein level of β-catenin *in vitro*and*in vivo*. Because GSK3β phosphorylate β-catenin at S33, S37 and T41 which results in its subsequent proteasome-ubiquitination [@B62], reduction in phospho-GSK3β (S9) by niclosamide may be helpful in explaining the reduced β-catenin. DVL is a crucial component of Wnt/β-catenin signaling pathway that have the ability to recruit the Axin thereby deconstructing the degradation complex and resulting in stabilization of β-catenin protein [@B61]. Lowered DVL mediated by niclosamide is likely an important reason of decline in β-catenin.

Our results showed that the decreased levels of phospho-β-catenin at S552 and S675 in the niclosamide-treated UM cells may reflect the repressed PKA activity because PKA is the major kinase that phosphorylate β-catenin on the sites of S552 and S675 to maintain the stability of β-catenin [@B38], [@B39]. This reasoning appeared to be supported by the niclosamide-mediated reduction of cAMP which is an endogenous activator of PKA. Indeed, exogenous PKA activator dbcAMP abrogated the effect of niclosamide on phospho-β-catenin (S552 and S675) and β-catenin. It is plausible that niclosamide may also work as a mitochondrial un-coupler thus reducing PKA-β-catenin signaling. Taken together, decreased β-catenin by niclosamide was likely to be caused through targeting multiple knot regulators in the Wnt/β-catenin pathway.

In conclusion, niclosamide possesses strong *in vitro* and *in vivo* antitumor activity in UM. Niclosamide inhibited the NF-κB pathway activation while elevated the levels of intracellullar and mitochondrial ROS in UM cells. MMP-9 was pivotal for invasion blockage by niclosamide in UM cells. Niclosamide eliminated CSCs associated with the suppressed canonical Wnt/β-catenin pathway and PKA-β-catenin pathway in UM. Our results shed light on the mechanism of antitumor action of niclosamide and warrant clinical trial for treatment of UM patients with metastasis.
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:   uveal melanoma

TNFα

:   tumor necrosis factor α

ROS

:   reactive oxygen species

PKC

:   protein kinase C

MAPK

:   mitogen-activated protein kinase
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CTLA-4
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:   matrix metalloproteinase 9

PKA

:   protein kinase A
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:   dibutyryl-cAMP sodium salt

EMT

:   epithelial mesenchymal transition.

![**Niclosamide inhibits the proliferation of uveal melanoma cells*in vitro* and*in vivo*. (A)** UM cells (92.1, Mel270, Omm1 and Omm2.3) were exposed to escalating concentrations of niclosamide for 72 h, and the cell viability was determined by MTS assay. **(B)** UM cells (92.1, Mel270, Omm1 and Omm2.3) were exposed to escalating concentrations of niclosamide for 72 h, and protein biomass was determined by sulforhodamine B assay. **(C)** UM cells were seeded in drug-free agarose culture and incubated for 14 days, colonies were counted. Clonogenicity was expressed by normalizing to control. **(D)** NOD/SCID mice bearing palpable Omm1 xenografted tumors were treated with vehicle (PBS) or p-niclosamide (25 mg/kg, i.p.) daily. The tumor volumes measured every other day versus time were plotted. Error bars, SD. \*\*, *p*\< 0.01; \*\*\*, *p*\< 0.001, Student\'s *t* test. **(E)** Weights of tumors dissected on day 14 after treatment with p-niclosamide. Representative tumors are shown (*top*). Data (*bottom*) shown are the mean ± SD of tumor weights from each group. Vehicle (n=6), p-niclosamide (n=8). \*\*\*, *p*\< 0.001, Student\'s t test. **(F)** Hematoxylin-eosin (H&E) staining and immnunohistochemical analysis with anti-Ki67 of xenograft tissues from mice sacrificed 14 days after p-niclosamide treatment (*left*). The total number of Ki67 positive cells (brown-stained nuclei, regardless of staining intensity were counted as positive) in 3 random microscopic fields were counted by Image-Pro Plus 6.0. Data (*right*) shown are the mean ± SD of Ki67 index from 3 random microscopic fields. \*\*\*, *p*\< 0.001, Student\'s *t*test.](thnov07p1447g001){#F1}

![**Niclosamide induces apoptosis in uveal melanoma cells. (A)** UM cells were exposed to increasing concentrations of niclosamide for 48 h, or a fixed concentration (4 μmol/L or 10 μmol/L) of niclosamide for different time-periods, apoptosis was analyzed by flow cytometry after Annexin V-FITC/PI dual staining. Representative flow cytometry dot plots for Mel270 were shown (*top*); Bar graphs: mean ± SD from 3 independent experiments (*middle & bottom*). \*, *p*\< 0.05; \*\*, *p*\< 0.01; \*\*\*, *p*\< 0.001, one-way ANOVA, *post hoc* comparisons, Dunnett\'s test. **(B)** Dose- (48 h) and time-dependent (4 μmol/L for 92.1, Mel270 and Omm1; 10 μmol/L for Omm2.3) cleavages of PARP and caspase-3 were determined by Western blot after treatment with niclosamide in UM cells. **(C)** UM cells were exposed to niclosamide for 48 h, Western blot analysis of cytochrome c in the cytosolic extracts. **(D)** Mitochondrial potential of UM cells exposed to niclosamide was measured by flow cytometry after staining with CMXRos and MTGreen. Representative fluorescence histograms from three independent experiments (92.1) (*top*); Results for 3 independent experiments are shown (*bottom*). \*, *p*\< 0.05; \*\*, *p*\< 0.01; \*\*\*, *p*\< 0.001, one-way ANOVA, *post hoc* comparisons, Dunnett\'s test.](thnov07p1447g002){#F2}

![**Niclosamide abrogates TNF**α**-induced NF-κB activation in uveal melanoma cells. (A)** Mel270 and Omm1 cells were pre-incubated with 4 μmol/L niclosamide for 16 h, followed by treatment with TNFα (10 ng/mL) for the indicated times. Cytoplasmic and nuclear extracts were analyzed by Western blot using specific antibodies for p-IKKα/β, IKKα/β, p-IκBα, IκBα and p65. **(B)** Mel270 cells were pre-treated with niclosamide (4 μmol/L) for 24 h and then incubated with TNFα (20 ng/mL) for 15 min. After fixation, immunofluorescence analysis of p65 localization was performed by confocal microscope. DAPI (4\', 6-diamidino -2-phenylindole) was applied to stain nuclei. **(C)** Mel270 cells were transiently co-transfected with *NF-κB-TATA-Luc* reporter constructs (0.5 μg) and *Renilla* luciferase reporter constructs (10 ng). Twenty-four hours later, equal numbers of the cells were exposed to different concentrations of niclosamide for 16 h, followed by addition of TNFα (20 ng/mL) to the culture for 8 h. Luciferase activity was detected at the end of incubation. Results are fold change ± SD. \*\*\*, *p*\< 0.001, one-way ANOVA, *post hoc* comparisons, Tukey\'s test. **(D)** Mel270 cells were pre-treated with 4 μmol/L niclosamide for 24 h and then incubated with TNFα (20 ng/mL) for the indicated times. The expression of NF-κB-dependent proteins was analyzed by Western blot. **(E)** Western blot of NF-κB-dependent proteins in NF-κB pathway were analyzed from xenografted tumor tissues of vehicle- or p-niclosamide-treated mice.](thnov07p1447g003){#F3}

![**Niclosamide increases intracellular and mitochondria specific ROS in uveal melanoma cells. (A)**Mel270 cells were treated with niclosamide (4 μmol/L) for indicated times, and then stained with CM-H2DCF-DA (for measurement of intracellular ROS) or MitoSOX Red Reagent (for measurement of mitochondria specific ROS) for 1 h. ROS was determined by flow cytometer. The median intensity of DCF-DA (*top*) or MitoSOX Red (*bottom*) is shown. **(B)** Mel270 cells were pre-incubated with NAC (20 mmol/L) for 1 h, and then exposed to niclosamide (4 μmol/L) for 24 h. ROS and apoptosis were evaluated by flow cytometry (*left*). Mean ± SD of apoptotic cells from 3 independent experiments are shown (*right*). \*, *p*\< 0.05,one-way ANOVA, *post hoc* comparisons, Tukey\'s test. **(C)**Mel270 cells were exposed to niclosamide (4 μmol/L) for 24 h with or without NAC (20 mmol/L), and then stimulated with TNFα (10 ng/mL) for 30 min. Cytoplasmic and nuclear extracts were analyzed by Western blot for p-IκBα, IκBα (cytosol) and p65 (nuclear). **(D)** Mel270 cells were transiently co-transfected with *NF-κB-TATA-Luc* reporter constructs (0.5 μg) and *Renilla* luciferase reporter constructs (10 ng). Twenty-four hours later, the cells were exposed to different concentrations of niclosamide in the absence or presence of NAC for 16 h, followed by stimulation with TNFα (20 ng/mL) for 8 h. Luciferase activity was detected at the end of treatment. Results are fold change ± SD. n.s., no significant difference, one-way ANOVA, *post hoc* comparisons, Tukey\'s test. **(E)** Mel270 cells were treated with niclosamide and TNFα, and then ROS was detected by flow cytometry.](thnov07p1447g004){#F4}

![**Niclosamide suppresses migration and invasion of uveal melanoma cells. (A)** 92.1 and Omm2.3 were cultured in 6-well plates and scratches were created using sterile pipette tips after cells reached confluence. Records were taken at the indicated times after niclosamide (2 μmol/L) treatment. Representative scratches for 92.1 and Omm2.3 (*left*); the breadth of scratches was measured and bar graphs (*right*) were the quantitative analysis of percentage of wound closure relative to the breadth of beginning from 3 random microscopic fields at the indicated time points. Data represent mean ± SD. \*, *p*\< 0.05; \*\*, *p*\< 0.01; \*\*\*, *p*\< 0.001, Student\'s *t* test.**(B)** 92.1 and Omm2.3 cells were incubated in the presence or absence of niclosamide for 48 h, and then subjected to transwell or matrigel invasion chamber assays. The migrated or invaded cells were counted in 3 random fields. Data represent mean ± SD. \*, *p*\< 0.05; \*\*, *p*\< 0.01; \*\*\*, *p*\< 0.001, Student\'s *t* test.**(C)** The migration and invasion related protein MMP-9 in the whole cell lysates from the 92.1 and Omm2.3 cells treated with niclosamide was detected by Western blot.**(D)** 92.1 cells were transduced with either lentivirus MMP-9 cDNA or MMP-9-shRNA constructs, and treated with or without niclosamide for 36 h, and then subjected to matrigel invasion chamber assays. The invaded cells were counted in 3 random fields. Data represent mean ± SD. \*, *p*\< 0.05; \*\*, *p*\< 0.01; \*\*\*, *p*\< 0.001; ns, no significance, Student\'s *t* test.](thnov07p1447g005){#F5}

![**Niclosamide eliminates uveal melanoma cancer stem-like cells with Wnt/β-catenin signaling pathway blocked. (A)**The UM cells were incubated with niclosamide (2 μmol/L) for 48 h, and then inoculated in the ultralow-attachment 24-well plates filled with tumorsphere culture medium. Melanospheres were counted on day 7. The cells were then harvested and re-plated for the secondary, tertiary and quaternary rounds of melanosphere culture, respectively. Error bars, SD. \*\*, *p*\< 0.01; \*\*\*, *p*\< 0.001, Student\'s *t* test.**(B)** Mel270 and Omm2.3 cells were treated with niclosamide (1 μmol/L) for 48 h, and the percentage of Aldefluor^+^ cells was determined by flow cytometry. Representative flow cytometry data and bar graph with SD from 3 independent experiments are shown. \*\*, *p*\< 0.01; \*\*\*, *p*\< 0.001, Student\'s *t* test.**(C)** Mel270 and Omm1 cells were exposed to increasing concentrations of niclosamide for 48 h. Cell lysates were harvested and detected by Western blots with the indicated antibodies. **(D)** Mel270 and Omm1 cells were exposed to varying concentrations of niclosamide for 3 h, the cells were harvested for ATP measurement assay. Data were normalized to control. Results for 3 independent experiments are shown. \*\*\*, *p*\< 0.001, one-way ANOVA, *post hoc* comparisons, Dunnett\'s test. **(E)**Mel270 and Omm1 cells seeded overnight in 6-well plates were exposed to increasing concentrations of niclosamide or 10 μmol/L forskolin for 3 h and cAMP level was measured. Data were normalized to control. Results for 3 independent experiments are shown. \*, *p*\< 0.05; \*\*, *p*\< 0.01; \*\*\*, *p*\< 0.001, one-way ANOVA, *post hoc* comparisons, Tukey\'s test.**(F)**The effect of dbcAMP (dibutyryl-cAMP sodium salt) on niclosamide-mediated down-regulation of phospho-β-catenin (S552 and S675) and total level of β-catenin. Mel270 and Omm1 cells were treated with niclosamide (1 μmol/L) in the presence or absence of dbcAMP (500 μmol/L). The phospho-β-catenin (S552 and S675) and total level of β-catenin in the whole cell lysates from Mel270 and Omm1 cells treated with niclosamide (1 μmol/L) in the presence or absence of dbcAMP (500 μmol/L) were detected by Western blot.](thnov07p1447g006){#F6}
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